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Estuaries provide many important functions for numerous aquatic species across
life stages. However, these habitats have been widely impacted due to their
characteristics and features that support agriculture and industrialization. Within
Puget Sound, estuary restoration has been a primary tool to support recovery of
Chinook salmon which are known to rely heavily on estuaries during early life
history. Tracking habitat gains via restoration and evaluating effectiveness of
these actions is necessary to ensure recovery targets are met. We used aerial
imagery from two distinct time periods to measure estuarine habitat and estimate
rates of change over two decades in Puget Sound. In addition, we developed a
method to estimate functional trajectories for restoration projects based on
allometry of planform geometry features for tidal deltas. A total of 72 restoration
actions across nine tidal deltas added ~147 ha and ~410 km of tidal channel
habitat in Puget Sound between 1997 and 2018. While positive overall, time series
of rearing habitat change for individual tidal deltas varied reflecting the frequency
and magnitude of restoration actions as well as the response of individual actions
to natural processes. Estimated functional footprints for restoration projects
were below total footprints for all deltas. Functional footprints appeared to track
total footprint well for some deltas but indicated potential limitations in others
that may be related to particular planform geometry metrics for individual sites.
Overall restoration of estuarine habitats in Puget Sound since 1997 have added
substantial rearing habitat in support of recovery for Chinook salmon
populations. While total gains are positive, our estimates of functional
trajectories provide additional information that may support adaptive
management to ensure efforts remain beneficial to target species. Continuing
to accurately track changes to estuarine habitat should benefit recovery efforts
and support management decisions in the future.
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Introduction

Estuarine habitats support numerous biological systems and
ecosystem services around the world (Barbier et al, 2011). In
particular, estuaries provide nursery habitats globally and
maintain a suite of functions that enable juvenile fish to develop
and support coastal ecosystems (Beck et al., 2001; Sheaves et al.,
2015; Lefcheck et al., 2019). Moreover, a wide range of taxa, such as
bivalves, diadromous fishes, migratory birds, and marine mammals
rely on estuaries. However, human activities have diminished
estuarine habitats in many regions. Because estuaries are located
where the sea meets rivers, they are logical places for economically
significant ports and infrastructure. Similarly, estuaries often have
desirable soil conditions to support agriculture. As a result, many
estuaries have been completely developed, diked, and/or
transformed to support these activities, reducing the ability of
these habitats to maintain natural functions. Indeed, in many
locations, development of tidal deltas has reduced estuarine
habitat by an estimated 75 - 99% compared to historical
conditions (Brophy et al., 2019; Lotze et al., 2006). Furthermore,
the ongoing impacts of sea level rise threaten to reduce, or shift,
estuarine footprints and/or alter restoration project trajectories,
further threatening the existence, extent, and function of these
important habitats (Moritsch et al., 2022).

To combat estuarine habitat loss, many natural resource
agencies have prioritized delta habitat conservation programs,
including habitat protection, mitigation, and restoration. On the
US Pacific Coast, much of these efforts revolve around habitat
restoration to support the recovery of listed Pacific salmon stocks,
Chinook salmon (Oncorhynchus tshawytscha) in particular.
Recovery plans often include language about critical habitat, and
one delisting criterion for Pacific salmon concerns certainty of long-
term protections of critical habitat. Each recovery plan typically sets
habitat targets to guide restoration actions and ensure progress is
made toward population recovery.

While mediating habitat loss through restoration actions is
undoubtedly important, it is equally important to understand the
performance of restored sites. It is generally accepted that full
ecological benefits of a restoration project are not instantaneous
after project completion but are lagged and accumulate over time
(Hobbs and Norton, 1996; Simenstad and Thom, 1996; Thom et al.,
2002). As such, mature sites are in an equilibrium condition while
restored sites accumulate ecosystem function over time. The
accumulation, or lack of, function over time could have
important implications for populations or species intended to
benefit from restoration actions. Understanding how well a site
functions and trends towards a benchmark over time could provide
important information for planning, evaluation, and adaptive
management of projects supplemental to accounting for absolute
habitat increases through restoration.

Given extensive estuary restoration actions over the last few
decades, tracking their progress, status, and trends is important.
Fundamentally, managers should be concerned about trends in
habitat change, whether conservation gains are outpacing losses,
and how these changes are influencing target populations. As the
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focus of these actions is generally to support ecological functions for
some target species or group of species, tracking changes to habitat
condition can be compared to population response metrics to
evaluate success (Greene et al., 2025). Such exercises inform
progress toward recovery targets and goals and likely contribute
toward adaptive management processes and decisions. In addition,
as these actions are generally capital intensive, tracking progress
and success is imperative to ensure positive cost-benefit scenarios
and maintain transparency for public facing projects.

Estuaries in Puget Sound, like elsewhere, have experienced
extensive loss since the 1800s. In response, state, tribal, and
federal partnerships have instituted estuary restoration as a
primary conservation mechanism to improve degraded habitat
conditions. Actions to date have largely focused on the
restoration of tidal connectivity via dike breaches and/or setbacks,
improvements to fish passage, and barrier removal. Proper
accounting of wetland gains from restoration projects is crucial to
determine recovery, evaluate species response to habitat
conservation actions, address population resilience to climate
change, and inform adaptive management.

Here we estimate estuarine habitat change, both natural and
through restoration actions, across several large river deltas
throughout Puget Sound. Specifically, we use aerial and satellite
imagery and GIS methodologies to build a time series of habitat
change to describe gains from restoration actions and track
increases to nursery habitat for juvenile salmonids. This work
goes beyond quantifying project footprints and includes estimates
of change for specific channel features known to support fish during
estuary residence of tidal delta. Furthermore, we provide an
estimate of functional trajectory for restoration project sites using
a subset of selected channel metrics and comparing our
measurements with expected natural conditions. This work
provides an updated assessment and account of numerous
restoration actions and habitat availability for juvenile salmon in
larger river deltas throughout the region.

Methods
Study area

Puget Sound is a semi-enclosed estuarine complex formed largely
during the most recent glaciation and dominated by numerous large
river drainages (Booth, 1994; Collins et al., 2003). Glacial advance/
retreat over several millennia created various geomorphically distinct
river valleys and deltas (Collins and Montgomery, 2011) that provide
habitat for listed populations of Chinook salmon (Beechie et al., 2001).
Recovery of local Chinook salmon populations rely heavily on habitat
restoration to support rebuilding abundance and productivity,
including within tidal deltas. Accurate and ecologically relevant
tracking of habitat changes as a function of these actions remains
critical for meeting recovery goals.

The goal of this work was twofold: 1) provide a continuous
estimate of juvenile salmon estuary rearing habitat change over two
decades, and 2) describe the functional trajectory of restoration
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projects using habitat structure as a measure of functional
equivalency (Simenstad and Thom, 1996). We quantified natural
habitat change (where evident) and change through restoration
actions for 9 tidal deltas throughout the region (Table 1). The
selected deltas encompass 83% of the total large river delta wetland
area and 88% of the delta restoration projects in Puget Sound
(Ramirez, 2019a). Specifically, we quantified change in area (ha) and
length (km) of primary deltas features. In addition, we tracked total and
functional restoration project footprint, the latter an estimate relative to
observed norms regarding planform geometry in tidal deltas across the
region. Our results provide a time series of deltas habitat change over
two decades in Puget Sound to support analysis and evaluation of
recovery actions and targets for listed species.

Estimating extent and change of vegetated
wetlands

Methods for documenting habitat change can vary widely and
estimates are generally sensitive to baseline conditions, units of
measurement, and the specific goal for assessment (e.g., spatial
distribution, quality; see Lengyel et al., 2008; Nagendra et al., 2013).
Several studies have provided assessments of estuarine habitat
extent within Puget Sound (Puget Sound Nearshore Ecosystem
Project Change Analysis, 2011; Ramirez, 2019b; Brophy et al,,
2019), including the addition of habitat through restoration
actions. Though our project builds on and corroborates these
efforts, we sought to expand on previous work by providing two
additional products: 1) a time series of delta habitat change over the
last two decades, and 2) estimates for functional footprints for
individual restoration projects within the selected deltas. Time
series are useful because they track change and may be applied in
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further studies to link habitat changes with biological outcomes.
Functional footprints are useful for evaluating project development
relative to intended target, or reference, conditions.

Delta habitat change

We estimated wetland habitat change within each of the nine river
deltas from 1997 - 2018 (Figure 1). While a primary goal of the exercise
was to track habitat restoration, habitat change within each delta was
attributable to both restoration actions and natural changes.
Restoration actions included in this analysis focus entirely on actions
that add habitat primarily through actions such as dike breach, dike
removal, or dike setback. We focused our initial change analysis on
blind tidal channels and distributaries, habitat features that are
primarily used by juvenile Chinook salmon during estuarine
residence (Beamer et al, 2024). Blind tidal channels are defined as
channels with bidirectional movement of water that coincides with the
patterns of tidal exchange. These channels may or may not completely
dewater on an ebbing tide. Distributary channels are defined as the
primary network by which water moves through a delta network.
Water flow in distributary channels is generally unidirectional
(seaward) though remains tidally influenced. Distributary channels
are generally much larger (deeper, wider) than blind tidal channels.

We quantified wetland change as the change in area and length
of blind tidal and distributary channel features within a defined
estuary extent for each delta. We adopted boundaries of estuary
extent from Beechie et al. (2017), based in part on current extent in
Brophy et al. (2019). To quantify change, we digitized delta habitat
features using aerial and satellite imagery from two time periods:
2010-2011 and 2017-2020. Exact years differed among deltas based
on image availability though all reported habitat change was
standardized to the period 1997-2018 using the methods
described below. Blind tidal channels and distributaries were
digitized from 30 cm resolution true-color 2010-2011 Microsoft

TABLE 1 Summary of tidal delta habitat change analysis for each Puget Sound tidal delta in our analysis.

Total Restoration
. Restored Total
# Restoration TC TC ) .
: TC TC Footprint  Footprint
Projects Length Outlets (ha) )
Area Length Outlets
(km) (#)
Dungeness 2 49 7.6 3 1.6 2.7 2 49 7.8 16.8 95.8
Duwamish 12 227 8.4 20 29 4.0 14 324 327 11.8 18.2
Elwha 1* 32 59 10 32 59 7 33 6.2 34.1 68.1
Nisqually 5 66.2 2353 258 46.4 140.9 61 713 | 2483 364.2 683.8
Puyallup 23 209 323 31 6.6 10.0 30 256 440 56.2 3283
Skagit 16 155.9 4405 478 322 77.9 61 183.6 5115 3244 24159
Skokomish 3 207 532 39 10.4 19.2 28 227 584 157.5 3372
Snohomish 9 78.1 301.6 545 39.3 128.7 34 103.7 = 366.6 504.3 1281.8
Stillaguamish 2 245 96.1 99 48 20,9 13 324 1159 96.9 581.9
Total 72 396.9 1180.7 1483 147.2 4102 250 479.8 13913 1566.2 5811.0

All area estimates are in hectares and all length estimates are in kilometers. TC, PRA and PRL refer to tidal channel, prime rearing area, and prime rearing length, respectively. Estimates of Total
TC area, length, and outlets are inclusive of Restoration totals.
*Elwha project was a major dam removal upstream so not included in our total estuary project number.
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FIGURE 1

natural-origin Chinook salmon.

Large river deltas in Puget Sound. Of these, italicized deltas were not included due to a paucity of restoration projects and/or low abundance of

Global Ortho Program aerial imagery, 30 cm resolution false-color
2017 HxGN Imagery Program aerial imagery, 30 cm resolution
true-color 2018 and 2020 Worldview-3 satellite imagery, and 15 cm
resolution false-color 2019 Snohomish County aerial imagery, set at
1:750 to 1:1000 scale. Methods for digitizing delta habitat features
are described in detail in Stefankiv et al. (2019). The difference in
area or length between the two time periods was used to calculate a
rate of change for each delta, feature, and metric. We then used rates
of change to back-calculate values to 1997 or project initiation for 1)
restoration actions, and 2) natural changes (see below). For
example, if we calculate an absolute change of 40 ha over the
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period of 10 years, we would apply a rate of change of 4 ha per year
to calculate the habitat values for any given year within the range
that was not directly measured. We use 1997 as the baseline for our
time series because it represents the first year of long-term fish
monitoring within the region. Where imagery from 2019 and 2020
were used for our updated estimates we report the back-calculated
values for 2018 to make the time series consistent across all deltas.
The result of this exercise was a time series of estimated change in
tidal delta habitat for the greater Puget Sound region. All features
and estimates were vetted with local co-manager groups prior
to finalization.
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A primary goal of estuary restoration in Puget Sound is to
support the recovery of listed salmon populations. As such, we
attempted to track changes in total juvenile salmon rearing habitat
using several metrics. First, we calculated total change in tidal channel
length and area during the period 1997 - 2018. The addition of tidal
channel habitat is a fundamental objective of estuary restoration
actions in the regions. This metric is the net change of tidal channel
features but importantly does not include distributary channel
features. In addition, we also calculated two metrics that more
specifically represent juvenile salmon rearing habitat: Prime
Rearing Length (PRL) and Prime Rearing Area (PRA). These
prime rearing metrics were intended to represent our best estimate
of the habitat actually used by juvenile Chinook salmon during
estuary residence, based on extensive study of juvenile salmonids in
Puget Sound tidal deltas over the last two decades (Beamer et al.,
2005; synthesis by Chamberlin, 2022). PRL is simply the sum of the
lengths of all channel habitat, tidal channels and distributary
channels, and is generally equivalent to total tidal channel length
for each delta in each year. PRA is a conservative estimate of “usable”
habitat area that includes only the 2m edge of distributary channels
excluding the deeper, higher velocity areas farther from the channel
edges. This approach has been used as a reasonable definition for
juvenile Chinook salmon habitat for comparable analyses in Puget
Sound (Beamer et al., 2005; Greene et al., 2021).

To calculate change from restoration projects, we established
timelines and estimated footprints based on project design and
implementation documents. We determined project boundaries
using as-built design plans which were vetted through
conversations with project managers and individuals familiar with
project implementation and monitoring. Vetted project boundaries
were used to estimate restoration project footprints (i.e., surface
area). For each restoration project, we also digitized habitat features
within the project boundaries and compared between time periods
to estimate change. For projects that occurred prior to our base
imagery period, we used methods described above to estimate
habitat change for each feature and metric. For projects that
occurred between image periods (i.e. only one measurable
estimate for each habitat feature), we were unable to calculate
empirical estimates for rates of habitat change.

We defined natural habitat change as changes that occurred in
the absence of restoration actions. We estimated natural habitat
changes and natural delta footprints for all features that occurred
outside of restoration project boundaries within a given delta. We
calculated the natural footprint (i.e. extent) of a given delta using
estimates of wetland area classified as fully or partially connected
from Hall et al. (2021) within our defined estuarine extent. These
estimates accounted for and removed all developed and inaccessible
areas within the defined extent polygon for each delta. From these
estimates we subtracted the footprints of all restoration actions
between 1997 and 2018 to determine the natural estuary footprint.

To determine natural changes to habitat features, we used
polygons from the base period (2010/2011) and overlaid them
onto the updated imagery. Any discrepancies between layers were
measured and updated in the new layer. For the majority of tidal
deltas, these changes were negligible or not detected. However, for
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the Skagit and Elwha River deltas, natural changes were substantial
and are described below.

Functional trajectories

While the above metrics provide linear and areal extents of
available tidal wetland, they do not necessarily indicate how well
these areas have achieved natural function. Hence, in addition to
our accounting of restoration footprints, we estimated a functional
footprint for each project site within each delta. Restoration projects
are intended to function similarly to natural wetland habitats, but
the progression toward a reference condition generally takes many
years (Simenstad and Thom, 1996; Thom et al., 2002; Gray et al.,
2002). Tracking “functional equivalency” via measurable
characteristics may provide critical information for restoration
actions. If we assume natural habitats exist in an equilibrium state
and offer 100% functionality, then it follows that a restoration
project at any given time may represent reduced or proportional
function as it progresses toward a natural (i.e. mature) state
(Figure 2). As the site matures it should be expected to approach
some range of values for a given metric informed by the target site
(see yellow shaded area in Figure 2) and therefore represent some
form of functional equivalency. However, if the site trajectory begins
to change, becoming horizontal or even decreasing, it may suggest
some limitation or failure that should be addressed through
adaptive management (Lawrence et al., 2018; Stewart et al., 2024).

To conceptualize an application of the functional trajectory of
key ecosystem attributes linked to juvenile salmon we hypothesize
that juvenile salmon use estuaries for: 1) productive foraging, 2)
physiological transition, and 3) refugia from predators (Simenstad
et al, 1982). The productive foraging function for juvenile
salmonids in estuarine habitat requires 1) wet areas for fish to
occupy (inundation), 2) access to those areas (fish passage
opportunity), and 3) abundant nutritious prey. Restoring
hydrology to a site footprint could achieve bullets 1 and 2
immediately after restoration but bullet 3 would be lagged as site
characteristics (e.g., sediment type, elevation) and natural processes
(e.g., hydrology, sediment dynamics) interact to form channel
networks that create sustainable conditions for vegetation and
support prey production. Tidal channel networks function as the
primary arterial system transporting water, sediment, nutrients, and
organisms between the site and the surrounding landscape (French
and Stoddart, 1992; Rinaldo et al., 2004; Fagherazzi et al., 2013).
While these networks are critical for habitat forming processes,
channel metrics (e.g. area, density, etc.) may also relate directly to
vegetation development and colonization (Sanderson et al., 2000;
Wu et al, 2020) as well as influence the distribution of fish and other
aquatic organisms (Williams and Zedler, 1999; Gewant and Bollens,
2012; Beamer et al., 2024).

Restoration actions that aim to restore hydrology to a site (e.g.,
dike setback, dike breach) commonly include constructed tidal
channels as part of the project design. While information exists to
inform proper network design for restoration actions (Hood, 2002,
2007, 2014, 2015; Williams et al., 2002), there may be physical
(subsidence, sediment compaction) or socio-political (flood
protection, recreation) constraints, including cost-benefit analysis,
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FIGURE 2

Conceptual progression of a restoration site toward target conditions or reference norm (i.e. 100% functionality) for some given metric of ecosystem
function. Evaluating the trend over time can provide useful information for potential adaptive management actions. For example, after an initial
upward progression toward reference conditions, if the trend becomes horizontal or begins to decrease may indicate a limitation or failure that

should be addressed through subsequent action.

that limit the construction of networks to mimic, exactly, naturally
occurring wetland sites after implementation (Elliott et al., 2016).
As such, it may be more appropriate to think of these design goals
(e.g., tidal channel network metrics) as end points and assume the
constructed networks will evolve toward the natural conditions or
targets (Figure 2; Zeff, 1999; Rozsa, 2012). Given the documented
relationship between tidal channel networks and habitat forming
processes, tracking a suite of measurable tidal channel metrics may
be a convenient way to estimate a functional trajectory for estuary
restoration sites.

Landform features including the number of tidal channels, the
length/area of tidal channels, and the number of outlets in naturally
occurring delta habitats scale with marsh footprint enabling a
predictable estimate for each metric across restoration sites within
each delta (Hood, 2007, 2014, 2015). In plain terms, the estimated
value for a suite of tidal channel metrics can be predicted with
reasonable accuracy given the size (i.e. surface area or footprint) of a
restoration site. These allometric estimates may be referred to as
habitat feature “norms” where the value, for example total channel
length, would represent the estimate of the metric for a site of given
size in its natural, equilibrium state. As these norms represent a site
at 100% functionality, we can compare our measurements of
selected habitat features within a restoration project and
determine their relative difference from the calculated norm to
estimate functionality through time. We used regression parameters
from Hood (2015) to estimate the mean and 80% confidence
intervals for estimated tidal channel length, tidal channel area,
and channel outlet count for each restoration project within all
deltas. We included the 80% CI estimates given the high degree of
variability that can occur within and across deltas (Hood, 2015).
Habitat feature metrics (channel area, length, outlets) that fell
within the 80% CI estimated for the allometric reference norm
(the estimated value of each metric for each site) were estimated as
100% functional. Values that fell above or below the 80% CI were
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estimated as the relative difference above/below the upper/lower CI
estimates. The result is a percent of allometric norm for tidal
channel length, tidal channel area, and tidal channel outlet count
for each project in each available image/period during which the
project existed. Similar to our methods for estimating habitat
change between image periods described above, we used rates of
change in proportional allometric norms between the periods of
measurement to interpolate percentages in years where images were
not available. To arrive at a final functional footprint, we averaged
across our estimates of percent functionality for each individual
feature metric and multiplied by the total project footprint for each
project(see Supplementary Figure 1). Functional footprints were
then summed across sites within years to create a functional
trajectory for each delta.

Results

Restoration projects and tidal channel
habitat

We measured habitat features within 72 restoration projects
across nine Puget Sound tidal deltas implemented between 1997
and 2018 (Table 1). Overall, restoration actions added 147.2 ha and
410.2 km of tidal channel habitat in Puget Sound since 1997. These
actions account for increases of 59% and 53% in tidal channel area
and length, respectively, throughout the region. The number of
restoration projects and the total area of tidal channels added via
those projects varied by delta. The Puyallup (n = 22) followed by the
Duwamish (n = 13) and the Skagit (n = 12) tidal deltas had the
highest number of projects implemented during the time period.
The amount of tidal channel area added through restoration varied
by delta and ranged between 1.6 and 46.4 ha. The largest absolute
additions in tidal channel area occurred in the Skagit, Snohomish,
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and Nisqually (Figure 3). Absolute changes in tidal channel length
also varied considerably among delta and ranged between 2.7 and
140.9 km. The largest absolute increases in tidal channel length also
occurred in the three largest deltas; the Skagit, Snohomish, and
Nisqually (Figure 3). Changes in distributary features due to
restoration were isolated to the Skokomish delta whereby a large
tidal channel evolved into a distributary shortly after a restoration
action in 2009. We report these changes in our discussion of time
series below.

Despite differences in absolute change in tidal delta habitat
among deltas, relative changes in tidal channel area and length due
to restoration actions were considerable across Puget Sound.
Although the largest relative changes in channel area occurred in
the Nisqually delta (234%), channel area in both the Snohomish and
Skokomish deltas also doubled compared to pre-restoration
conditions (101% in both deltas). In addition, channel area
increased by 45% and 49% in the Puyallup and Dungeness
deltas, respectively. Additionally, tidal channel length increased
by 90% in the Duwamish and 74% in the Snohomish, while
increases of 56% and 55% occurred within the Skokomish and
Dungeness, respectively.
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Natural changes in tidal deltas

Natural changes were discernible in only 3 of the 10 deltas we
evaluated: the Skagit, Snohomish, and Elwha River deltas. Changes
in tidal channel habitat within the Snohomish delta were due to
natural dike breaches that created additional outlets for existing
tidal channels. These additional connections increased tidal channel
area and length in the system by 0.25 ha and 0.54 km, respectively.
In both the Skagit and Elwha, natural changes in the delta actually
reduced the amount of available habitat over the time series.
Between 1996 and 2018 we estimate that tidal channel habitat in
the Skagit declined from 125.57 ha to 123.36 ha, a loss of 2.21 ha of
tidal channel habitat. Part of this loss can be attributed to an
avulsion along the lower N Fork of the Skagit River that altered the
flow path of the distributary channel in the lower estuary and cut off
previously available habitat. The avulsion also reduced distributary
habitats by 25.73 ha. In addition to changes from the avulsion,
erosion of wetlands reduced habitat along the seaward fringe, likely
from sea level rise and storm surge (Hood et al., 2016). In the Elwha
delta, the removal of two large dams in the upper watershed
diminished tidal channel habitat via the delivery of an enormous
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amount of trapped sediment (Warrick et al., 2015). Between 2010
and 2018, tidal channel habitat within the Elwha River delta
declined by 36%, from 3.52 to 1.27 ha. However, these changes
were concurrent with marsh expansion seaward which increased
total marsh area. Although dam removal was a significant
restoration action, we consider the changes in the delta natural as
the river naturally redistributed sediment trapped within the
reservoirs through the watershed.

Time series of tidal delta habitat change

Prime rearing length and area

Overall, PRL and PRA increased in all deltas from 1997-2018
with the exception of PRA in the Elwha delta (Figure 4). Although
PRL and PRA generally increased across deltas, individual trends
were quite variable (Figure 4). In some deltas (e.g. Skagit,
Snohomish, Puyallup) increases in both metrics resembled a stair-
step pattern punctuated by large restoration actions then followed
by more gradual increase after project completion. In other deltas

10.3389/fmars.2025.1549344

(Nisqually and Duwamish), increases in PRL and PRA were
characterized by a single dramatic increase due to restoration
followed by gradual change or subsequent small actions. Patterns
in the Elwha River were unique in that PRL increased while PRA
decreased quickly and steadily from 2010 onward. These changes
have resulted in seaward movement of the delta and establishment
of several new, and smaller, channels at the seaward delta boundary.
While the overall trend for both metrics for most deltas generally
increased over the entire time series, each metric also appeared to
decrease periodically after restoration actions in most deltas.
However, periodic decreases in PRA after a restoration action
were much more common than estimated for PRL. Decreases in
both metrics were largely due to loss of tidal channel features from
sediment filling remnant irrigation ditches in newly restoring sites.
Notably, the Skokomish delta saw a relatively dramatic decrease in
PRA after 2010, which was largely the result of a large tidal channel
evolving into a distributary feature. Given the 2 m buffer used on
distributary features when calculating PRA, this change reduced the
overall total for PRA in the delta. Lastly, comparing relative changes
between PRL and PRA within each delta showed now consistent
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Note free y-axis scales to improve visibility.
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pattern across deltas. That is, relative changes in PRL or PRA were
not consistently higher for either metric over the entire time series.

Restoration project footprints

In addition to tracking changes in channel habitat, we also
estimated changes to both total and functional restoration
footprints within each delta (Figure 5). Total restoration footprint
increased in all deltas between 1997 and 2018. The largest absolute
increases in total restoration footprint occurred in the Snohomish
(+ 472 ha) and Nisqually (+ 360 ha) deltas. However, the largest
relative changes (% change relative to natural footprint) occurred in
the Duwamish (+180%), Nisqually (+110%), and Skokomish
(+87%) deltas.

Functional footprints were less than estimates for total
footprints for all projects and in all deltas (Figure 5). On average,
functional footprints were 52% of estimated allometric norms for
the planform features, channel area, channel length, and channel
outlet count. Functional footprints ranged between 23% in the
Dungeness delta to 81% in the Stillaguamish delta. Trends in
functional footprint largely followed the total restoration

10.3389/fmars.2025.1549344

footprints, increasing proportionally with the addition of
restoration projects through time. However, while functional
footprint in some deltas appear to be evolving and increasing
through time (e.g. Stillaguamish, Skagit, Snohomish), the
functional trajectory in other deltas suggests a stable trend that is
below estimated norms (e.g. Nisqually, Skokomish, Duwamish,
Dungeness). Functional footprints were largely limited by the
total channel area and number of channel outlets (Figure 6).
Median proportion of estimated allometric norms were 0.76, 0.32,
and 0.5 for channel length, channel area, and channel outlet count,
respectively. However, estimates for channel area and channel
outlet count appeared to track total restoration footprint: deltas
with larger increases in total project footprint generally had higher
than average proportions of allometric norms for channel area and
lower than average proportions for channel outlet count. The
opposite was true for deltas with the smallest increase in project
footprints. In plain terms, it appears that larger deltas with
presumably larger projects are limited more by channel outlet
count whereas smaller deltas, and thus smaller projects are more
limited by channel area.
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Time series of total project footprint (solid line) and functional project footprint (dashed line) by delta. Note free y-axis scales to improve visibility.
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Discussion

Our analysis of habitat change in tidal deltas across Puget Sound
indicates restoration actions have increased estuarine habitat
throughout the region. Restoration actions have successfully
increased the total footprint of available habitat as well as the
length and area of tidal channels within and across all deltas we
evaluated. While trends in habitat change are generally positive,
trajectories of the habitat increases remain variable among deltas.
Estimated trends in functional footprints were also positive in most
deltas though they never reached 100% functionality during the
years we evaluated. In some locations they appear to remain flat in
comparison to increases in total footprint. Discrepancies between
total and functional footprint appear to be driven by the number of
channel outlets within each project site rather than tidal channel
length or area, though there may be some relationship between delta
and/or project size that influences this relationship. Below we
interpret and discuss nuances among deltas with respect to
channel area and length, total and functional footprints, and the
implications for fish use and local recovery/restoration planning.

Though both PRA and PRL increased across the majority of
deltas, slight differences existed between the trends for each metric
and among deltas. After each restoration action, PRL and PRA
increased immediately, reflecting newly available habitat within
each project site. However, decreases in both PRA and PRL were
observed among several deltas. In general, changes in PRL and PRA
were due to channel filling after tidal reconnection; this was most
observable where previously existing channels (e.g. agricultural/
irrigation ditches) remained initially after project completion but
quickly filled in with mobilized sediment. Decreases in PRL of any
notable magnitude occurred in only the Skokomish and
Stillaguamish deltas and were attributed to channel filling.
Decreases in PRA were more widespread and occurred in greater
magnitude compared to changes in PRL. However, the decrease
within the Skokomish was largely attributed to a substantial change
to a previously large tidal channel which became a distributary
channel after project completion. Changes within the Elwha delta
were unique for several reasons. First, the habitat change measured
in our time series was the result of a large dam removal and not due
to restoration within the tidal delta. Dam removal mobilized 11 Mt
of sediment trapped within two upstream reservoirs (Warrick et al.,
2015). Prior to dam removal the Elwha delta was characterized by
few large tidal channels. After removal and mobilization of
sediment, the majority of the large channels were filled, the delta
front moved seaward, and numerous small channels were formed.
The result was a substantial decrease in PRA with concurrent
increases in PRL and delta footprint.

Tidal channel morphology after restoration of tidal connectivity
is highly dynamic and depends upon several local features and
processes (D’Alpaos et al., 2005; Belliard et al., 2015). Changes in
tidal channel length often occur rapidly after initial actions that
restore connectivity (Vandenbruwaene et al, 2012) whereas
changes in area generally occur in cross-section, which influences
channel volume (D’Alpaos et al., 2006). The observed changes in
PRA using our methods may not completely reflect the physical
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processes that may occur in these tidal channels post-restoration.
For example, simultaneous changes to depth that would increase
channel volume would not be detected by tracking channel
surface area.

Comparisons between total and functional footprints revealed
notable patterns with potentially large implications for restoration
and recovery. Functional footprints were lower than total footprints
in all deltas, and this discrepancy varied considerably among deltas.
In some cases, functional footprints were 3-4x less than the area
estimated by total footprint representing a reduction of up to 75%
for functional habitat. Among the features we used to estimate
functionality, the median proportion of allometric norm across all
deltas was lowest for channel area. This was especially true for the
deltas with the smallest footprints (Figure 6). Small projects
generally include a single, yet large, tidal channel that is often
well over the predicted allometric norm for tidal channel area given
the small footprint. Channel outlet counts also appeared to limit
functional trajectories, most notably in larger deltas which include
the larger project footprints (Figure 6). Evaluating these apparent
limitations and developing strategies to improve functionality for
existing and planned actions should be a regional priority.

While the current assessment provides a suitable tool for
tracking habitat change, methods for documenting status and
trends in habitat availability and functionality can continue to be
improved. Most notably, increasing the frequency of periodic
assessments would likely improve the accuracy of estimates for
absolute habitat change, the rate of change within each project site/
delta, and our understanding of how restoring habitats evolve
through time and on shorter time scales. Ideally, assessments
performed after implementation of each individual project within
a given delta would provide a notable improvement. However, such
efforts can be both costly and time intensive creating a challenge for
researchers and managers regionally. Finding a balance between
improved accuracy and practical challenges of these exercises
is warranted.

Our estimates of functional footprints are based upon a
definition of functionality that is practical but remains rather
coarse and has limitations. We focus on only three easily
measured features of tidal channels to evaluate the functional
trajectory compared to a reference norm. Several other planform
features exist (e.g. channel magnitude, channel order), each with
similar scaling properties, and could be added or substituted in a
model to potentially improve estimates of functionality (Hood,
2015). However, to the extent that planform geometry is an
indicator of channel and elevational structure that result in
beneficial velocities and predator refugia, this metric may be a
coarse proxy for functionality within a restoration project. Our use
of planform geometry features to estimate functionality may be
more representative of capacity and opportunity rather than actual
realized function (physiological or behavior response; Simenstad
and Cordell, 2000). Our assessment does not capture changes in
function due to expansion/contraction of marsh surface area, and in
particular vegetated surface area. Sediment deposition/distribution,
elevation changes, and vegetation recruitment may be more
representative of true function as they relate to prey inputs and
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thermal conditions. Nevertheless, these processes depend entirely
on tidal channel networks and planform features as the primary
pathways controlling where, and how quickly, changes within a site
occur and the trajectory toward functionality (French and Stoddart,
1992; Rinaldo et al., 2004; Fagherazzi et al., 2013; Fleri et al., 2019).
Further research into tools to estimate functionality would clarify
the degree to which planform geometry supports further habitat
function from elevational and vegetation change.

The observed increases in estuary habitat over the last two
decades in Puget Sound are undoubtedly positive for the species
that rely on these habitats. Specifically, juvenile Chinook salmon
have been documented extensively inhabiting tidal deltas
throughout the region (Greene et al., 2021; Chamberlin et al.,
2022; Davis et al., 2019; David et al., 2014; Cordell et al., 2011).
Puget Sound Chinook salmon populations have benefited in
multiple ways as a function of restoration of degraded estuarine
habitats. Demographic benefits are apparent soon after restoration
due to increased availability of tidal delta habitat and expanded
capacity to support higher abundances (Greene et al.,, 2025). Estuary
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restoration has also resulted in increased survival to adulthood, a
direct influence on population recovery (Greene et al., 2024). The
former benefits were apparent immediately after restoration and the
latter appeared to materialize after a number of years. Therefore,
tracking both species/population response and restoration project
trajectory toward functionality through time well beyond the
completion of restoration actions remain critical.

The time series of habitat change adds to a body of work
informing progress toward current recovery goals with respect to
habitat restoration. Our work builds upon previous efforts by
providing a multi-metric assessment of habitat change across
numerous deltas that expands the conventional measurement for
habitat restoration in Puget Sound estuaries (hectares/acres) to be
more inclusive and representative of juvenile salmon habitat. Our
methods for estimating functional footprint provide both an
additional accounting metric that is useful for comparing against
restoration goals as well as informing adaptive management actions.
Current recovery plans generally set restoration goals based on total
footprint such as achieving a particular amount of estuary habitat
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by a particular date. These targets are often based on projections of
capacity or ability to support some level of population moving
toward or at recovered levels. However, if we believe that estimates
of functional footprint are more directly relevant to fish use and
habitat productivity, incorporating this alternative metric into
recovery plans may create targets that align more closely with
true ecological function. As a tool for measuring incremental
effectiveness of a specific site based on the trajectory toward
comparable norms, periodic assessment of an individual project
may provide managers with useful data points for adaptive
management decisions. Should estimates for functional footprint
stabilize below projected norms managers could identify adaptive
management actions necessary to improve habitat structure to
guide the project toward its intended state and optimal function.

Conclusions

Efforts by tribes, as well as local, state, federal agencies, to
restore severely degraded estuarine habitats have contributed
substantially toward the recovery of an iconic species. Benefits to
juvenile salmon are clearly evident and continue to accrue where
additional habitat is restored throughout the region. In addition,
these benefits extend beyond listed salmonids, creating functional
habitat to support multiple species as well as provide ecosystem
services for the people that depend upon these environments. As a
result of these collaborative actions, trends in habitat loss that began
in the 1800s have, for the time being, been reversed. Yet, challenges
remain as climate change and sea level rise continue to threaten
these habitats and the recent gains from restoration. Continuing to
accurately track changes to estuarine habitat and improving
estimates for functionality should benefit recovery efforts and
support management decisions in the future.
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